Abstract: Optical force, which is known as a powerful effect of the light on all objects and is too weak to be perceived directly. While the momentum transfer between light and matter can be greatly improved at the nanometer scale. In this paper, we mainly designed an asymmetric deep subwavelength metal nanostructure to generate a strong optical field gradient force by utilizing the resonant interaction between light and nanostructures as well as coupled excitation of surface plasmon, which can promote the movement of the nanoparticles. After simulating and optimizing, we learned that the intensity of optical field excited by the stepped trapezoidal nanostructure we designed in this paper is 140 times higher than that of incident light. At last, we fabricated and tested the sample of the designed nanostructures with the method of electron-beam lithography (EBL), and get the data of the speckle distribution curve and scattering curve of the sample. We discovered that in the wavelength range from 300 nm to 1100 nm, the sample will be excited to a strong plasma. It can be inferred that the devices cascaded by such structural units can accelerate and emit a large number of nanoparticles to generate considerable thrust, which has a great application prospects for the precise positioning of spacecraft.
Introduction
Light itself has the energy and momentum. The main study object of classical optics is electromagnetic radiation. With the development of modern optics, the interaction of light and matter becomes an important content. The invention of laser in the 1960s provided a new light source for people to study the interaction between light and matter, which enabled the optical tweezers technology to be invented [1] - [5] . Optical tweezer is an important technical means to capture and manipulate the micro-nano particles, the basic principle of which is the mechanical effect of the momentum transfer between light and matter, with the advantages of non-contact and high precision, and is widely used in physics, chemistry, biology, medicine and other frontier fields of science. The studies nowadays on optical tweezers are mainly carried out with relatively high laser beam and a liquid environment [6] , [7] . Because only a powerful light source can provide sufficient optical power for nanoparticles, and the liquid environment could eliminate the high electrostatic forces between the nanoparticles, the substrate and its surroundings. Even though it provides the technology conditions, however, this method also largely restricts the development and application of optical tweezers.
In order to reduce the energy optical tweezers needed, micro-nano structures are used to enhance the surface plasmon thus a new type of optical tweezers based on surface plasmon is proposed [8] , [9] . Surface plasmon is essentially an electromagnetic wave formed by the interaction of free electrons and photons in the metal surface region. There is no apparent direct effect on any object because the photon's momentum is too small. If the size of the metal is limited to nanoscale, the plasmons will oscillate at the same frequency as the incident light, creating a strong electromagnetic field on the surface of the nanostructures, which effectively reduces the required light source energy [10] - [12] . However, the excited plasmon has no directivity and cannot be accurately and fully utilized in general.
Shalin developed an asymmetric V-groove in 2012 to one-dimensionally accelerate and eject nanoscale nanoparticles in the V-groove [13] . On the basis of the above theories and experiments, we designed an asymmetric metallic nanostructure based on surface plasmon polariton in this paper to adjust the enhanced field distribution of localized surface plasmons [14] - [16] , which can generate a directional optical gradient field, and thus producing gradient force to drive the nanoparticles to move in a certain direction. There is no requirement for moving light source in the designed structure. The incident light can be increased by 70 times, greatly improving the utilization of the light source. And our design allows nanoparticle propulsion in a non-liquid environment, which has great application prospects for small-scale micro-Napier satellite propulsion.
Principle and Simulation

Principle
The strong optical confinement of surface plasmon polarizers significantly enhances the intensity and gradient of the optical field of the metallic nanostructures. In other words, the transmittance enhancement of sub-wavelength metal array structures is a unique property of sub-wavelength array structures. When a light wave with a relatively wide wavelength band is incident on the surface of the metal nanostructure slit, the free electrons on the surface of the metal structure are excited to resonate at a specific wavelength to generate the plasmon that propagates along the metal surface. In this surface mode, the metal structure absorbs a large amount of incident light energy to enhance coupling at the slit and excites the coupled energy at the slit port in the form of field strength. So the more obvious the phenomenon of transmission enhancement is, the more obvious the incident light is absorbed by the metal coupling.
In this paper, we design an asymmetric metallic nanostructure based on the above principle, with the main purpose to produce a strong optical gradient force. The metal nanostructure unit is composed of two golden isosceles trapezoid which is fixed on the surface of the non-metal substrate which is made of glass. Due to the asymmetry of the trapezoid structure, heterogeneously layered optical field could appear in the gap between the two trapezoids, which will trigger directional thrust along the -y axis. In order to make sure the optical field presents a gradient distribution in a certain direction, so as to generate a gradient force to drive the ball in a specific direction. The size of the asymmetric nano-structure can be adjusted to enhance the plasma local field distribution. The transverse optical tweezers force in the gap can always keep the particles in the middle space of two trapezoids in a suspended state [17] , [18] . As shown in Fig. 1(a) .
The thrust generated by the nanostructure unit is quite small. An array structure could be formed after cascading the above units. When the focused sunlight (with the wavelength of 300 nm-1100 nm) resonates and couples with the nanostructure, the surface plasmon could be excited, generating a strong light gradient force field.
The relevant polarization kinetics of nanoparticles could be captured according to the interaction of surface plasmon resonance [19] . The nanoparticles (e.g., glass beads and metal particles) placed in this structure will be accelerated by the gradient force field and expelled from the device at high speed. Thus generating considerable thrust through momentum exchange. The overall structure diagram is shown in Fig. 1(b) . 
Simulation
In order to prove the feasibility of the designed structure, this metal nanostructure was numerically simulated. Firstly, optimizing the nanostructures could increase the optical gradient. The parameters of the size of the optimized nanostructures are as follows: h = 350 nm (h represents the height of the structural units); L1 = 60 nm and L2 = 120 nm (L1 and L2 separately represent the top and bottom of the trapezoid); d1 = 50 nm (d1 represents the thickness of gold material); gap g = 40 nm; d2 = 50 nm (d2 represents the thickness of the substrate), As shown in Fig. 2(a) . Then modeling and simulating the designed structure, the incident light source is set as a plane light source with a wavelength range of 300 nm-1100 nm. The intensity of electric field distribution measured by the monitor under the wavelength of 532 nm is the strongest, the results are shown in Fig. 2(b) .
The results shown are in line with the theoretical expectation. It can be seen from the figure that the electric field intensity excited at the wider end of the trapezoidal structure is obviously stronger than the narrower one. The intensity of the electric field excited in the middle part of the wider end is about 9 times that of the electric field of the incident light, and the relative light intensity is about 90 times the intensity of the incident light. Due to the heterogeneity of excited field intensity, a powerful gradient optical field could be generated in the intermediate gap between trapezoids, thus producing a gradient force to accelerate the nanoparticles.
Since the most important factor affecting the generation of the optical gradient field is the horizontal asymmetry of trapezoidal structure [13] . The more obvious the asymmetry of the structure is, the stronger the optical gradient field is generated in its gap. The previous structure was improved by designing the isosceles trapezoid into a ladder-trapezoidal structure to increase the asymmetry of the nanostructure, thereby enhancing the coupling strength between the nanostructure and the incident light to create a stronger optical gradient field. Then the structure size was optimized by scanning, which was determined as follows: The height of the ladder trapezoid is h = 400 nm; the length and width of the four ladder are all the same, which is L1 = 50 nm; the lower base of the trapezoid L2 = 200 nm; and the thickness of gold material is d1 = 50 nm; the length of the gap is g = 40 nm; the thickness of the substrate is d2 = 50 nm, as is shown in Fig. 3(a) . To conduct simulation verification to the stepped trapezoid with similarly a planar light source of 300-1100 nm, we get the strongest electric field distribution measured at λ = 580 nm. The result is shown in Fig. 3(b) .
As shown in Fig. 3(c) , the electric field intensity of the stepped trapezoidal structure excited in most of the wider end's middle area is 11-12 times larger than that of the incident light, and the strongest relative light intensity is up to about 140 times the intensity of the incident light. Compared with Fig. 2(c) , the curve in Fig. 3(c) is steeper, indicating that the gradient of the relative light intensity generated along the y-axis of the stepped trapezoidal structure changes even greater, resulting in a greater optical gradient force.
Estimation of Thrust
As an electromagnetic wave, light carries energy. The energy transformation occurs in the interaction between light and matter which indicates that energy transfer from light to nanoparticles in the form of a force which can be roughly divided into two categories: one is light radiation pressure applied to the nanoparticles, and the direction of which is along the direction of light movement. Another type is the optical gradient force generated from uneven distribution of light on the surface of the nanostructure.
Since the force of sunlight directly applied on objects is very weak, no obvious effect could be captured. The effect of light radiation pressure applied to the nanoparticle is so small that it can be ignored. Therefore, what we mainly talk about in this paper is the effect of optical gradient forces on the promotion of nanoparticles.
The gradient force of nanoparticles is the Maxwell tensor, which is the sum of the gradient force of the electric field and the gradient force of the magnetic field:
In the above formula, δ is the symbol of Kronecker. With the application of Maxwell's equations and related knowledge of electric dipole [20] , [21] , the formula for calculating the optical gradient force is simplified:
Since the optical field mainly changes along the y-axis, the above equation can be simplified as:
In this equation, α represents the inductive polarizability of the ball and the real part of it is taken. After conducting simulation experiment with Matlab software, we discovered that a silver nanoparticle with a radius of 50 nm could generate a strong resonance at the wavelength of about 420 nm. The inductive polarizability of the silver nanoparticle is 5.0 × 10 −28 A · m 2 /s · V. E represents the value of electric field excited by the stepped trapezoidal structure. According to the curve of Fig. 3(c) , the gradient of the relative optical field along the y axis can be calculated as 4.78 × 10 8 V 2 /m 3 . Putting all the figures into formula (3) we can estimate that under the irradiation of one unit light intensity, the optical gradient force applied to a single silver nanoparticle by a stepped trapezoidal structure is 1.2 × 10 −19 N.
Preparation
Since the asymmetrical metal structure is of small size of only several tens of nanometers, of relatively complex structure and the high precision, it is difficult to fabricate one. Electron-beam lithography (EBL) and focused ion beam (FIB) are the most commonly used methods for preparing nanostructures. With a gap channel in the middle of the asymmetric metal nanostructure, EBL is more suitable for the preparation of this nanostructure [22] . EBL technology can write complex patterns directly on the substrate with a minimum processing size of 5 nm; it can be processed without a mask plate. The etching process has a low requirement for the material, so that the ion source can achieve doping of the substrate material with different elements. In addition, the sample to be processed is a "positive pattern", which means that the pattern is a convex structure, which is why the EBL is selected without other processing techniques.
EBL as a high-precision etching technology must be combined with the relevant coating and lithography methods to complete sample preparation. The Lift-Off preparation process is a commonly used EBL direct writing method, which is simply to evaporate the metal on the structure exposed by the EBL and then ultrasonically strip to obtain the desired nanostructure.
Since the stepped trapezoidal structure is complex with respect to the isosceles trapezoidal structure, the preparation process is very demanding. In view of the limitation of the process, we have chosen to prepare the isosceles trapezoidal structure. The material of the nano-structure is gold and the substrate is made of silicon. Then the above process is processed to obtain an array of asymmetric nanostructures as shown in Fig. 4(a) .
The array in the Fig. 4 is enlarged to observe the single asymmetric nanostructure unit. It can be seen that there are certain differences between the etched map and the imported etched map due to the limitation of the processing technology. The measured dimensions of the prepared nanostructure unit are as follows: L1 = 59.55 nm, L2 = 123.6 nm, h = 358 nm, g = 40.94 nm, as shown in Fig. 4(b) . The reasons are as follows: (1) With the limitation of machining precision and processing technology, the energy released during the processing is pretty high at first and then it gets lower, results in uneven etched surface it could be seen that the nanoarray exhibits uneven surface distribution from the SEM image. (2) The EBL process is to etch according to the contrast of the imported etching pattern, and there is a high demand for the resolution of the imported pattern. Low resolution causes insignificant range of contrast difference, and as a result, the EBL system will not process the blurred part, resulting in unclear edges of the etched entire array of pattern.
Test
In order to know the performance of the actually prepared sample, tests should be conducted to find the difference between the actual sample and the theoretical simulation. Fig. 5(a) is the optical field distribution in the surface of the array sample irradiated by the incident light under a dark field microscope, and the on the surface of the sample is observed, as shown in.
There are several big particular bright areas as well as a large number of tiny light spots in the picture of Fig. 5 , in which the particular bright areas are impurity spots, and tiny bright spots are asymmetric nanostructured units. Although the tiny bright spots produced by the nanostructure units are not particularly uniform, they can be verified that it has the ability to generate a gradient optical field. This non-uniformity may be due to errors in the manufacturing process and the impurity of the material.
Then we selected and tested a uniformly luminating spot with the size of 1 μm × 1 μm. The curve of the scattering spectrum measured under the light source excitation of 300 nm to 1100 nm is shown in Fig. 5(b) .
It can be seen that the array sample can be excited in the light wavelength range of 300 nm-1100 nm to generate a strong surface plasmon polaritons, which set the stage for the enhancement of the optical field energy coupling. The most intensified excited light emerged at the wavelength of about 550 nm. The figure we got in the previous theoretical simulations is 532 nm which fits the latter figure well. However, more improvements are needed since there are limitations in experimental conditions, the preparation and testing of the samples.
Conclusion
In this paper, we mainly focused on the study of exciting surface plasmons of an asymmetric metal nanostructure to generate optical gradients forces so as to promote the movement of nanoparticles. After optimizing the size of the structure, a stepped trapezoidal structure with a strong gradient of the optical field is obtained. The intensity of optical field excited by this stepped trapezoidal structure is 140 times larger than that of incident light, 50 times larger than when it's excited by the previous trapezoidal structure. We have estimated the optical gradient force of a single nanoparticle using relevant formulas getting an approximate value of 1.2 × 10 −19 N. Then with the help of the EBL technology, we etched the designed nanostructures and fabricated nanostructure array, which consists of many nanostructured units with the length of each nanostructured unit's upper base being L1 = 59.55 nm, the lower base being L2 = 123.6 nm, the height being h = 358 nm, and the intermediate gap being g = 40.94 nm. After testing and analyzing the processed samples, we found that if the samples were excited in the wavelength range of 300 nm-1100 nm, stronger plasmons would emerge, as well as the phenomena of enhanced coupling of light energy, which verified the feasibility of the experimental principle. According to the simulation and estimation of optical gradient force, the thrust generated by a unit nanostructure is quite small. With the development of subsequent technologies and researches, such brand new nanostructures could soon be used in aerospace technology to propel microsatellites in space.
